Abstract -A new approach to developing, fabricating, and testing chalcogenide-based multi-state phase-change nonvolatile memory (NVM) is presented. A test chip is fabricated through the MOSIS service. Then post processing, in the Boise State University lab, is performed on the chip to add the chalcogenide material that forms the NVM. Each memory bit consists of an NMOS access transistor and the chalcogenide material placed between the metal3 of the test chip, connected to the access device, and a common, to all memory bits, electrode. This paper describes the design of the memory bit and of the test structures used for reliability and radiation testing. Fabrication and postprocessing of the memory are also discussed.
INTRODUCTION
Phase Change memory is considered to be one of the most promising candidates for the next generation of nonvolatile memory (NVM) [1] . The aerospace community considers chalcogenide-based phase-change memory (PCM) as a likely candidate technology in future of NVM for space applications [2] . Existing memory technologies like Dynamic Random Access memory (DRAM) and Flash memory work on the concept of charge storage [3] . DRAM suffers from scaling limitations, loss of data when power is removed (volatility) and data corruption due to radiation effects. Flash memory, though nonvolatile, is prone to radiation damage and has reliability issues due to its limited number of program/erase cycles. These limitations have led to efforts to develop chalcogenide-based NVM. The phase change memory (PCM) is a resistance based technology which operates on the principle of changing the resistance on the device to define the memory state as either '0' or '1'. The change in resistance occurs due to the change in phase of the chalcogenide material between a high resistance amorphous phase and a low resistance crystalline phase or vice-versa. Moreover, the characteristics of a chalcogenide based PCM lend themselves to store multiple bits (multiple states) in a single cell which results in much denser memories. Further PCM NVM can be scaled into high density arrays, has a large number of program/erase cycles, and has the potential to be more reliable than Flash memory due it its resistance to radiation effects, thus making it ideal for space applications.
This paper describes our current efforts to develop PCM using the MOSIS service [4] for fabrication of test chips. Through the MOSIS service a CMOS process is used to fabricate the test chips (test structures and small memory arrays). When the test chips are received from MOSIS the chalcogenide material is added to the chip as a back-end-ofline process at Boise State University.
Section II of this paper describes the operation of PCM. The device sizes and design constraints are discussed in Sec. III. Section IV describes the PCM Test chip, while Sec. V discusses the reliability issues in PCM NVM. Sec. VI describes the post-processing after the fabrication from MOSIS and in Section VII the progress and future work is discussed.
II. THEORY OF OPERATION
The PCM consists of chalcogenide materials sandwiched between two electrodes. As shown in Fig. 1 the two chalcogenide layers are a Ge-chalcogenide (the memory layer), and a Sn-chalcogenide (the metal-chalcogenide layer). By employing a stack of two different chalcogenide materials we hope to reduce the voltages, currents, and switching speeds needed for phase-change memory operation without the need for a complicated physical device structure [5] [6] [7] [8] . The state of the memory cell is changed by causing a phase change between crystalline and amorphous states. This change is induced by Joule heating of the material through application of an applied current. When the phase is switched, the material changes resistance between low, KΩ values (crystalline) to high 100's KΩ or MΩ values (amorphous) [5] .
The multi-state operation is obtained by using pulses with different programming currents, Fig. 2 . The change of state from high resistance (amorphous) to low resistance (crystalline) occurs when a voltage higher than a threshold voltage (V t ) is applied to the amorphous material causing the resistance to decrease significantly. Due to the decrease in resistance there is an increased current flow in the chalcogenide materials which causes Joule heating of the material above the glass transition temperature. When the temperature rises above the glass transition temperature, but below the melting temperature, the current is removed, allowing the material to cool at a rate that will crystallize it into a low resistance state (write '11' current region, Fig. 2 ). To get a high resistance state (amorphous), more current is passed through the material to heat it above the melting temperature and then quickly removed to quench the material into an amorphous state (write '10' current region, Fig. 2 ). Further bits can be stored by passing more current till the resistance again decreases 'showing a snap back in the IV curve' to store '01' and '10' as described above. Hence the number of bits stored in a cell depends on the number of crystalline phases available in the chalcogenide material or, to be precise, the number of stable resistance states of the material. 3 shows example non-overlapping resistance distributions in a PCM cell. By having four stable resistance states 2 bits of data can be stored on a single cell. The number of stable resistance states determines the number of states we can store on a cell. Note that the chalcogenide material is modeled as a variable resistor where a logic value can be assigned for each resistance state thus realizing multi-state capability.
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III. MEMORY BIT ELEMENT
The memory bit consists of an NMOS device as the access transistor and a chalcogenide memory element. The MOS device isolates the memory bits from each other. An NMOS device is preferred over a PMOS device since it has a larger drive current; a requirement for reaching all of the possible resistance states. As seen in Fig. 3 , the gate of the MOSFET is used as the wordline, while the drain of the device is connected to the bit line. The PCM bit is connected to the source of the MOSFET. The other end of the PCM is connected to the top electrode of the bit which is common to all memory bits in an array. Note that the definition of the source and drain in Fig. 3 can be swapped depending on the value of the top electrode voltage (current always flows from drain to source). Further note that by connecting the memory bit to the source side of the MOSFET that more drive current can be supplied to the bit (which is important for good heat generation with access transistor size). For programming the cell the gate voltage (wordline) is set high and then a current pulse is passed through drain (bitline) of the access MOSFET which heats the chalcogenide and changes the state accordingly as discussed in Sec. II. The NMOS access transistors in this work used a drawn size of 32/2 to ensure that adequate drive current is available to program the memory bits. These devices are laid out, in the test chip using two fingered MOSFETs with drawn widths of 16 each. The size of the NMOS access transistor is chosen to provide a maximum drive current that is more than what is required to change the material to amorphous state which is estimated as 2 mA in this design. The size of the memory bits laid out in this process is 1.2 µm square.
The cross-sectional view of the memory bit used in our test structures is shown in Fig. 5 . The PCM bit is placed between metal3 (MOSIS designation), which act as the bottom electrode, and a tungsten top metal plate. Since the design is done in a three metal process the chalcogenide is deposited on metal3 after the chips are received back from MOSIS. The size of the chalcogenide is thus defined by the area of the exposed metal3. 
IV. PCM TEST CHIP
The PCM Test chip shown in Fig. 6 consists of test structures including the various sizes of memory bits (both with and without an access transistor), NMOS devices, and an 8 x 8 matrix of memory bits forming a basic 64-bit memory array. Site1 in Fig. 6 shows the test structures for memory array while Site 2 shows the test structures for individual chalcogenide resistor bits of various sizes. Row and column decoders were designed for the 64-bit memory array and sensing is done manually (off chip) to allow for the best characterization of the materials. This test structure array provides basic information concerning the performance of the chalcogenide resistor bit in an array since the read/write and accessing times can be estimated and the multi-state transition behavior in an array can be tested. Test structures of various sizes of NMOS access transistors are included to ensure that the I-V characteristics of the devices can be measured. In addition, test structures for memory bits with various NMOS sizes using minimum-sized chalcogenide bits are included to estimate the programmable currents required by the chalcogenide materials to obtain multi-state switching over a wide range of conditions.
V. RELIABILITY ISSUES
The chalcogenide stack as a resistor bit in this design is sandwiched between the metal3 and tungsten which act as bottom and top electrodes, respectively. This layered chalcogenide stack design eliminates the need for an external heater element. By using a material stack of GeTe/SnTe for chalcogenide where SnTe acts as the metal-chalcogenide layer, better adhesion is provided and delaminaton of electrode from chalcogenide memory layer after repeated program/erase cycles is prevented [5] . The devices with chalcogenide stack of GeTe/SnTe have shown at least two 'snap-back' regions similar to the I-V curves shown in Fig. 2 but the stability of the each resistance state is unknown. The switching behavior of the chalcogenide stack when integrated with the MOSFET will be used to determine this stability.
VI. FABRICATION AND POST-PROCESSING
The entire design of the PCM test chip is done using the Electric VLSI Design system and is designed for fabrication in AMI's C5 process. Fig. 7 shows the cross-sectional view of the fabrication of a single memory bit with NMOS access transistor and the chalcogenide deposition. Since the AMI's C5 process is a three metal process, the design of the memory up to metal3 is done at AMI. The chip after the MOSIS fabrication undergoes further processing at the Idaho Microfabrication Laboratory at Boise State University. The back-end-of-line process steps to complete device fabrication begin with chalcogenide layer deposition using thermal evaporation and/or sputtering on the entire chip followed by top electrode deposition using sputtered tungsten. Using photolithography, the chalcogenide devices and top electrode bond pads are defined, followed by ion mill etching of the top electrode and chalcogenide stacks. Another photolithography step defines the bottom electrode contacts (which were closed by initial chalcogenide and top electrode deposition). Last, a dry etch is done to open up the bottom electrode contacts.
VII. PROGRESS AND FUTURE WORK
The phase change memory (PCM) test chip is currently being fabricated through the MOSIS service and once back-end-ofline processing at BSU is finished, the reliability and radiation tests will be run and parameters such as write current, read/write times, resistance states of each 'snap-back' regions and multi-state transitions will be estimated for individual memory bits and for the 64bit array. Memory arrays up to 1GB are now being designed and efforts on obtaining multi-state transitions in the chalcogenide memory for larger arrays are underway.
VIII. CONCLUSION
A new approach for the design, testing, and characterization of nonvolatile multi-state chalcogenide memory has been proposed. The design of individual memory bits is discussed and the test structures included in the PCM test chip are described. Fabrication by MOSIS and post-processing at BSU on the PCM test chip to deposit the chalcogenide and the top electrode is illustrated. After finishing the post-processing the memory chip will be tested for read/write capability and write current requirement for each resistance region of the multistate memory. Finally, reliability and radiation testing will be done on the PCM test chip.
